Cylindrospermopsin (CYN) is a cytotoxin produced by several species of cyanobacteria, which occur all over the world. It was demonstrated that CYN has a wide spectrum of biological activity in animal cells, involving hepatotoxicity, genotoxicity, cytotoxicity and carcinogenic potential, and is considered as one of the factors that caused human poisoning in Palm Island (Australia) and in Caruaru (Brazil). This compound may be introduced into organism by several ways, including consumption of water, fishes and seafood as well as accidental swallowing or aerosol spray inhalation during recreational using of reservoirs covered by cyanobacterial blooms. The information about the CYN impact on environment and its degradation processes under natural conditions is scant. Taking this into consideration CYN should be regarded as a potential threat to human health and life. This review presents physicochemical characteristic and biological activity of CYN, occurrence in freshwaters and its sensitivity to the influence of some environmental factors.
INTRODUCTION
Progressive eutrophication of water bodies commonly caused by human activities, including sewage, industrial and municipal waste and agricultural run-off creates favorable conditions for abundant growth of microorganisms such as bloomforming cyanobacteria (Antoniou et al. 2005) . Cyanobacteria are known for the synthesis of numerous biologically active compounds. Some of them could be used in medicine, biotechnology, pharmacy and cosmetology (De Philips & Vincenzini 1998 , Abed et al. 2009 ). However, cyanobacterial blooms might be a serious problem, especially for freshwater water bodies due to the production of various toxic metabolites which are released into the water. These compounds may cause the disruption of aquatic ecosystem sustainability and reduction of its biodiversity, through an increase in the mortality among birds, fish and mussels. There is also evidence that cyanotoxins readily bioaccumulate in different trophic chains (Dittmann & Wiegand 2006) . Toxins are a potential threat to users of water bodies, including animals and humans. In terms of their effect in vertebrates, they were classified into four groups: cytotoxins (e.g. cylindrospermopsin), dermotoxins (e.g. lipopolysaccharide, lyngbyatoxin), hepatotoxins (e.g. microcystins and nodularin) and neurotoxins (e.g. anatoxins, saxitoxins). Cytotoxins have a harmful effect on several organs such as liver, kidneys, adrenal glands and intestine. Dermotoxins cause allergic reactions and intense irritation of the skin, mucous membranes and conjunctivas. Hepatotoxins are mainly responsible for the damage of liver cells, and neurotoxins for the nervous system disorders. Cyanobacterial toxins can potentially promote cancer and even lead to death (Codd et al. 2005 , Metcalf & Codd 2009 , Weirich & Miller 2014 . The knowledge about cyanotoxins is constantly advancing. However, most studies have concentrated on hepatotoxins and neurotoxins . In this paper we describe the structure and physicochemical properties of cytotoxic cylindrospermopsin (CYN). We review its biological activity, occurrence in freshwaters and susceptibility to some environmental factors.
PHYSICAL AND CHEMICAL PROPERTIES OF CYN
CYN is an alkaloid having a tricyclic guanidine moiety combined with hydroxymethyluracil (Fig. 1A) . This compound is soluble in water and in organic solvents (Ohtani et al. 1992) . The toxin molecule is stable at high temperatures (even boiling for 15 minutes does not cause its degradation) and over a wide range of pH (4, 7, 10) . The pure CYN does not decompose under the influence of sunlight. However, the toxin within the cell extract can be degraded under such conditions . Furthermore, cyanobacteria produce two other compounds, which are analogues with CYN. One of them, an epimer of CYN -7-epicylindrospermopsin (7-epi-CYN), was isolated for the first time from a culture of Aphanizomenon ovalisporum (Banker et al. 2000) . This compound has an S configuration hydroxyl group at C-7 while it is an R configuration in CYN (Fig. 1B) . Toxicity of 7-epi-CYN is comparable to CYN (Banker et al. 2000) . The second one -7-deoxycylindrospermopsin (7-deoxy-CYN) was found in the extract of Cylindrospermopsis raciborskii cells. In its structure, there is no additional hydroxyl group at C-7 (Fig. 1C ) ). This compound was not toxic in the mouse bioassay. However, it was cytotoxic and inhibited the protein synthesis in cells in vitro to a similar extent as CYN (Neumann et al. 2007) . A summary of physical and chemical properties of CYN is presented in Table 1 .
BIOLOGICAL ACTIVITY OF CYN
Initially, the CYN was classified as a hepatotoxin. With time, however, more studies have confirmed several different modes of its action. It was demonstrated that CYN causes pathogenic changes in many organs. Cyanotoxins may be introduced into the human body in several different ways, such as by consumption of contaminated drinking water, fishes and seafood from water bodies covered with cyanobacterial blooms, and even by swallowing the water or inhalation of aerosol spray during water sports. The first poisoning caused by CYN was an incidence of hepato-enteritis in 1979 at Palm Island (North Queensland, Australia), also known as the Palm Island mystery disease (Bourke et al. 1983) . A total of 138 Aboriginal children and 10 adults were hospitalized with anorexia, enlarged liver, vomiting and weakness, after consumption of water from the only source of drinking water in the region -the Solomon Dam where it was thought a toxic bloom of cyanobacterium Cylindrospermopsis raciborskii had occurred. The epidemic which lasted 21 days was divided into three phases. The first stage lasted 2 Table 1 Physicochemical properties of CYN (Ohtani et al. 1992 , Sano et al. 2008 Synonym 6-[(R)-Hydroxy [(2aS,3R,4S,5aS,7R)-2,2a,3,4,5,5a,6,7-octahydro-3-methyl- A -cylindrospermopsin, B -7-epicylindrospermopsin, C -7-deoxycylindrospermopsin days and was a hepatitis phase. The next 1-2 days were a lethargic phase. The last stage (5 days) was characterized by intense diarrhea (Bourke et al. 1983 , Hawkins et al. 1985 . Another case of CYN poisoning was reported in 1996 in the Brazilian city of Caruaru where people were dialyzed with water contaminated with cyanotoxins. Among the toxins, microcystins occurred with the highest concentration, but analysis of carbon filters and ionexchange resins of the dialysis apparatus revealed the presence of CYN as well (Carmichael 2001) . Hawkins et al. (1985) confirmed that the extract from Cylindrospermopsis raciborskii cells, collected from the Solomon Dam reservoir had a toxic influence on mice. Hemorrhages and edemas occurred in the liver, kidneys, adrenal glands, lungs and small intestine followed by cell death. Furthermore, lipidosis and fibrin thrombi in blood vessels, reducing the blood flow and causing necrosis, were observed. Later, after the determination of the chemical structure of CYN, its lethal dose (LD50) was determined in the mouse bioassay. The concentration of CYN by intraperitoneal injection equal to 2.1 mg kg -1 resulted in death of mice within 24 hours, while the lower concentration of 0.2 mg kg -1 led to the death after 5-6 days (Ohtani et al. 1992) . It was demonstrated that the toxic properties of CYN include inhibition of protein synthesis , López-Alonso et al. 2013 . These processes are particularly dangerous in liver cells where various proteins important to many biochemical reactions are produced. Even low concentration of CYN (0.2 mg kg -1 ) administered intraperitoneally caused the inhibition of synthesis of several proteins and a decrease in the total amount of cytochrome P450 . The impact of CYN on mice hepatocytes was divided into four consecutive phases . During the first 16 hours of the initial phase, the intense separation of the ribosomes from the endoplasmic reticulum and their accumulation in the cytoplasm occurred. Moreover, changes in the size of nucleoli including their overall reduction was observed. The second phase began 24 hours after injection and included the excessive growth of the cell membrane. In the next step, the increased production of lipids was found. Finally, this process was terminated by hepatocyte death . It should be noted that similar pathogenic changes might also occur in kidney, thymus, and heart . Seawright et al. (1999) demonstrated that CYN, administered orally to mice caused visible ulceration and disorders of the esophagus, stomach and spleen. Moreover, it affects the digestive system by impaired liver function, thus contributing to the retention of gastric contents and disrupting homeostasis. This toxin might also induce the cancerous changes. It was confirmed in the experiments with mice which received a cell extract containing CYN for 30 days through gavage administration. Tumor cells were visible in the bodies of 10% of the studied animals (Falconer & Humpage 2001) . In addition to carcinogenic properties, CYN might disrupt the endocrine function. This compound has the ability to inhibit the synthesis of progesterone in human granulosa cells in vitro, but has no effect on production of estrogen. As a result, it can lead to an abnormal ratio between these two hormones, which in turn may cause difficulties in the conception or maintenance of pregnancy (Young et al. 2008) . It was found that CYN strongly inhibits glutathione (GSH) synthesis as well. Most likely it is related to the inclusion of cytochrome P450 in the metabolism of the toxin. The resulting product/products may be toxic and directly affect the synthesis of GSH (Runnegar et al. 1995) . Norris et al. (2002) confirmed that the cytochrome P450 is necessary for the toxic effects of CYN. Coadministration of CYN and piperonyl butoxide -an inhibitor of cytochrome P450, significantly decreased the mortality of mice. It cannot be assumed, however, that the toxicity of CYN is based only on interaction with P450 (Froscio et al. 2003) . The toxicology of CYN is much more complicated. It has been proven that the inhibition of protein synthesis is irreversible after the inhibition of P450. Moreover, discontinuation of administration of the toxin did not result in the resumption of translation. This property of CYN may be the main cause of cell death where a low concentration of P450 has been detected (Froscio et al. 2003) . The mechanism of CYN action on protein biosynthesis is still unclear, but it is supposed that this toxin does not bind directly to ribosomes. Probably it reacts with protein translational factors of high molecular weight present in low concentrations, which effectively interferes with the formation of protein (Froscio et al. 2008) . The inhibition of protein synthesis was also observed in plant cells , Froscio et al. 2008 . Another study also demonstrated that CYN is genotoxic. Disruption of the GSH synthesis, which is one of the main antioxidant system components in organisms contributes to an increase in the reactive oxygen species (ROS) concentration and consequently leads to oxidative stress. Moreover, ROS can react with nucleic acids, which results in genetic abnormalities . It is noted that CYN has the ability to create covalent links with DNA as well. This is most likely related to the presence of hydroxymethyluracil in its structure, which hypothetically may form hydrogen bonds with nucleobases present in nucleic acid molecules. Furthermore, guanidine and SO3 groups may potentially affect the interaction with nucleic acids. The above described effects can lead to the formation of the toxin and nucleic acids adducts, and consequently DNA strands breakages (Shaw et al. 2000) . Shen et al. (2002) observed a significant decrease in the length of DNA molecules in liver cells of mice treated with CYN. All tests were performed in vivo and the toxin was administered intraperitoneally. The negative impact of CYN on the functioning of the mitotic spindle and the correct operation of centromeres and kinetochores were also postulated. This can cause a loss of whole chromosomes as a result of their improper propagation during anaphase of mitosis. The mechanism of this interaction is probably based on the previously described ability of CYN to inhibit the protein synthesis (Humpage et al. 2000) . The toxin also induces the expression of genes responsible for the formation of the transcription factor p53. This protein is involved in many biochemical processes in the cells, i.e. DNA repair and apoptosis . Several studies revealed genotoxic properties of CYN in human cells. Štraser et al. (2013) showed that this compound is genotoxic to human hepatoma cells HepG2. This cell line was exposed to CYN (0.1-0.5 μg ml -1 ) for 24-96 hours. After 72 hours, breaking of DNA strands was observed. Additionally, changes in morphology and viability of cells were noted. Results obtained by Bazin et al. (2010) demonstrated genotoxicity of CYN in two human cell lines -liverderived HepaRG and colon-derived Caco-2. An increased incidence of micronuclei was observed in both cell lines. In contrast, Lankoff et al. (2007) showed that CYN is not clastogenic in CHO-K1 cells; however, it can cause a cytotoxic effect by increased necrosis and a decrease in frequencies of mitotic indices. A summary of CYN influence in a cell is demonstrated in Fig. 2 .
PRESENCE OF CYN IN THE ENVIRONMENT
To date, the ability to synthesize CYN has been demonstrated in several freshwater species of cyanobacteria all over the world. Initially, this compound was isolated from Cylindrospermopsis raciborskii cells (Ohtani et al. 1992) . Since that time, the production of CYN was confirmed in other species including Anabaena bergii (Schembri et al. (Spoof et al. 2006) , Aphanizomenon ovalisporum (Banker et al. 1997) , Aphanizomenon flos-aquae (Preußel et al. 2006) , Lyngbya wollei (Seifert et al. 2007) , Umezakia natans and Raphidiopsis curvata (Li et al. 2001) . The ecological role of cyanobacterial toxins has not been thoroughly explained yet. It is assumed that these secondary metabolites are not necessary to the life of cells. There are several hypotheses that suggest potential causes of the toxin synthesis by cyanobacteria. One of the most commonly accepted is that the toxins serve as a defensive mechanism against excessive grazing by animals. Another hypothesis shows cyanotoxins as allelochemicals determining the phytoplankton dynamics and community composition (Kaebernick et al. 2001 ). The occurrence of CYN was recorded on all continents except Antarctica. In Europe its presence was confirmed for the first time in two German lakes: Langer See and Melangsee (Fastner et al. 2003) . Subsequently this toxin has been found in several other water bodies in Spain, the Czech Republic and France (Quesada et al. 2006 , Bláhová et al. 2008 , Brient et al. 2009 ). In Poland, CYN was detected for the first time in samples from lakes of Wielkopolska -Bnińskie, Bytyńskie and Lubosińskie (Kokociński et al. 2009 ). The toxin was identified in nearly half of the analyzed samples from these Polish lakes. Additionally, in two samples the concentration of CYN exceeded the acceptable value in drinking water 1μg l -1 as defined by World Health Organization (WHO) (Welker et al. 2004 ). The dominant species in these lakes was Planktothrix agardhii. It has not been proven yet that this species is able to synthesize CYN. It is possible that the occurrence of CYN in Poland was associated with the presence of another invasive species such as Cylindrospermopsis raciborskii or Aphanizomemnon gracile (Kokociński et al. 2009 ). The impact of CYN on natural ecosystems is still unclear. Potentially this toxin may accumulate in trophic chains. Saker & Eaglesham (1999) identified CYN in tissues of the redclaw crayfish (Cherax quadricarinatus) collected from a pond with a bloom of Cylindrospermopsis raciborskii. The concentration of the toxin in the hepatopancreas of these animals was equal to 4.3 μg g -1 dry weight (DW), and in the muscle tissue -0.9 μg g -1 DW. It was assumed that animals can absorb CYN through consumption of cyanobacterial cells, which then accumulate in their tissues. This hypothesis seems to be confirmed by the results of laboratory studies performed on freshwater mussels Anodonta cygnea (Saker et al. 2004 ).
The culture of Cylindrospermopsis raciborskii was added into breeding of mussels. The results of the experiment showed that the CYN concentration in different tissues was up to 2.52 μg g -1 DW. It was further found that the concentration of this toxin in the tissues of mussels was maintained at 50% even after 2 weeks of the depuration period. The occurrence of CYN in the natural environment can pose a serious risk to human health and this is especially true for children. Weirich & Miller (2014) proposed the maximum acceptable concentration (MAC) of CYN in drinking water based on the noobserved adverse effect level of 30 μg kg -1 defined by . The proposed MAC for an adult person (60 kg) was 0.72 μg l -1 . However, it has been suggested that the MAC for a 5 and a half year old child (20 kg) would be 0.48 μg l -1 . Calculations for a 9 month old child (10 kg, 0.24 μg l -1 ) and a 9 and a half year old child (30 kg, 0.72 μg l -1 ) were also presented (Weirich & Miller 2014) . Environmental concentrations of CYN are varied and in some cases they are higher than the MAC proposed e.g. from 4 to 173 μg l -1 in Gazan Dam Lake, Saudi Arabia (Mohamed & Al-Shehri 2013) and from 0.41 to 18.43 μg l -1 in Lake Albano, Italy (Bogialli et al. 2006) .
DEGRADATION OF CYN UNDER NATURAL

CONDITIONS
The CYN degradation in the aquatic environment has not been well understood. Smith et al. (2008) suggested that it may depend on many environmental factors such as temperature or the presence of algicides (important in water bodies frequently covered with cyanobacterial blooms). It was also observed that some organisms affect the number of cyanobacterial cells present. Fabbro et al. (2001) observed that ciliate Paramecium cf. caudatum Ehrenberg is a successful grazer of Cylindrospermopsis raciborskii cells. It has been suggested that this microorganism may be used in a management strategy for CYN. Other researchers showed biodegradation of CYN by the microorganism Bacillus AMRI-03 isolated from cyanobacterial blooms (Mohamed & Alamri 2012) . The decomposition of this toxin depended on the initial concentrations and lasted from 6 (at 300 μg l -1 ) to 7 and 8 days (at 10 and 100 μg l -1 ). However, in another study performed by Wörmer et al. (2008) , biodegradation of this toxin by the microbial community was not observed within 40 days. Chiswell et al. (1999) showed that the toxin is stable at temperatures and pH values prevailing in the environment. They studied the influence of temperatures in the range of 4 to 50°C on degradation of CYN (1 and 4 mg l -1 ) for 4 weeks. Decomposition of this compound proceeded slowly to 90-75% of the initial value. Moreover, the concentrations of CYN (1 and 4 mg l -1 ) at pH 4, 7 and 10 decreased to only 80-75% during 8 weeks of the study period . In addition to the above mentioned, the degree of photodegradation was examined as well. did not observe degradation of pure CYN after 120 hours exposure to sunlight. However, this compound in the cyanobacterial extract is degraded rapidly to 54% of the initial concentration (1 mg l -1 ) within 3 hours. CYN in natural water samples studied by Chiswell et al. (1999) under sunlight had a half-life of 11-15 days. The results obtained by Wörmer et al. (2008) showed that photodegradation of CYN in natural conditions depends on the water depth. At a depth of 1 m, this toxin has been degraded by 10.8%, and the increase in depth of 4 m did not cause degradation. It was further found that photodegradation is mainly associated with UV-A. Moreover, no degradation of CYN was observed under the influence of photosynthetically active radiation (PAR) (Wörmer et al. 2010) .
CONCLUSIONS
Cyanobacteria are cosmopolitan organisms, colonizing various ecological niches. Knowledge about them and in particular about their toxic secondary metabolites should be extensive. This review shows that CYN synthesized by cyanobacteria and released into the water has a wide spectrum of activity in animal cells, involving hepatotoxicity, genotoxicity, cytotoxicity and carcinogenic potential as well, and therefore should be regarded as a potential threat to human health and life. Taking into consideration the prevalence of CYN in water bodies all over the world and the existence of several ways by which it may penetrate into human body, it is important to develop a system preventing the poisoning. Essential to this is an accurate monitoring of the occurrence of cyanobacterial blooms in water bodies, especially those that are used by humans in agriculture or entertainment and recreation. Moreover, the concentration of CYN should be analyzed and the water bodies where the concentration is above the acceptable level should be excluded from the use. Another problem is a low biodegradation of CYN in natural conditions and the possibility of bioaccumulation in animal tissues. Organisms from habitats where CYN has been confirmed cannot be used as food products for humans. An important issue is the presence of analogues of CYN and these should be considered in poisoning prevention. The development of analytical methods will probably help to demonstrate the ability of CYN synthesis in other species of cyanobacteria. It may lead to discovery of new compounds with a chemical structure and biological activity similar to CYN. To date, an antidote for CYN has not be discovered.
